Limb movement-induced hyperemia has a central hemodynamic component: evidence from a neural blockade study. Am J Physiol Heart Circ Physiol 299: H1693-H1700, 2010. First published August 27, 2010; doi:10.1152/ajpheart.00482.2010.-The purpose of this investigation was to partially remove feedback from type III/IV skeletal muscle afferents and determine how this feedback influences the central and peripheral hemodynamic responses to passive leg movement. Heart rate (HR), stroke volume (SV), cardiac output (CO), mean arterial pressure, leg vascular conductance (LVC), and leg blood flow (LBF) were measured during 2 min of passive knee extension in eight young men before and after intrathecal fentanyl injection. Passive movement increased HR by 14 beats/min from baseline to maximal response during control (CON) (65 Ϯ 4 to 79 Ϯ 5 beats/min, P Ͻ 0.05), whereas HR did not significantly increase with the fentanyl block (BLK). LBF and LVC increased in both conditions; however, these increases were attenuated and delayed during BLK [%change from baseline to maximum, LBF: CON 295 Ϯ 109 vs. BLK 210 Ϯ 86%, (P Ͻ 0.05); LVC: CON 322 Ϯ 40% vs. BLK 231 Ϯ 32%, (P Ͻ 0.04)]. In CON, HR, SV, CO, and LVC increased contributing to the hyperemic response. However, under BLK conditions, statistically insignificant increases in HR and SV combined to yield a small, but significant, increase in CO and an attenuated hyperemic response. Therefore, partially blocking skeletal muscle afferent feedback blunts the central hemodynamic response due to passive limb movement, which then results in an attenuated and delayed movement-induced hyperemia. In combination, these findings provide evidence that limb movement-induced hyperemia has a significant central hemodynamic component induced by peripheral nerve activation. afferent nerve fiber; blood flow; hemodynamics CENTRAL AND PERIPHERAL HEMODYNAMIC factors contribute to the hyperemic response at the onset of exercise. These factors include the muscle pump (24, 38) mechanically induced vasodilation (6, 19, 41) , mechanical deformation of arterioles (37), flow-mediated vasodilation (22, 34), and cardioacceleration (26, 30 -33, 43) due to stimulation of afferent mechanosensitive and metabosensitive fibers in the working muscles (25, 36) . Isolating the relative importance of these numerous mechanisms is difficult and requires a systematic approach to understand the nature of any single mechanism.
afferent nerve fiber; blood flow; hemodynamics CENTRAL AND PERIPHERAL HEMODYNAMIC factors contribute to the hyperemic response at the onset of exercise. These factors include the muscle pump (24, 38) mechanically induced vasodilation (6, 19, 41) , mechanical deformation of arterioles (37) , flow-mediated vasodilation (22, 34) , and cardioacceleration (26, 30 -33, 43) due to stimulation of afferent mechanosensitive and metabosensitive fibers in the working muscles (25, 36) . Isolating the relative importance of these numerous mechanisms is difficult and requires a systematic approach to understand the nature of any single mechanism.
One approach to study the movement-induced central and peripheral hemodynamic responses to the onset of exercise is to perform passive movement, thereby minimizing the metabolic contribution of voluntary exercise. Recently, our group (26, 43) and others (30, 31, 33) have highlighted the role of cardioacceleration in the hyperemic responses to passive movement. Wray et al. (43) reported that passive knee extension resulted in significant tachycardia and increased leg blood flow (LBF) during the first 5 s of movement. However, in this study, stroke volume (SV) was not measured, and cardiac output (CO) was assumed to remain constant. Despite an increase in LBF with passive movement, Gonzalez-Alonso et al. (12) reported no increase in CO, whereas Ter Woerds et al. (40) reported no increase in either CO or LBF. McDaniel et al. (26) carefully examined the temporal responses of central and peripheral factors and found that an increase in CO was indeed associated with the hyperemic response to passive movement. Critical for the interpretation of these findings is the observation that, in the absence of hyperemia, accomplished by cuff occlusion of the passively moved leg, significant increases in CO, heart rate (HR), and SV were still evident at the onset of movement (26) . This finding indicates that the HR-driven increase in CO is not dependent on, but is likely a primary initiator of, movement-induced hyperemia. Feedback arising from skeletal muscle afferent fibers (type III and IV fibers) has been implicated as the mechanism responsible for the cardioacceleration at the onset of limb movement (28, 30, 33) ; however, direct manipulation of this neural feedback mechanism has yet to be performed. To partially block lower limb afferent nerve fiber activity and diminish the influence of the exercise pressor reflex, the opioid receptor agonist, fentanyl, was used. Fentanyl, when bound to the opioid receptor, attenuates the cortical projection of the afferent nerve fibers, most of which synapse on cells in the lumbar dorsal horn of the spinal cord (15, 29) . Stimulation of the spinal opioid receptors inhibits transmission of nociceptive, mechanosensitive, and metabosensitive input from group III/IV afferents to the spinal cord (10, 16, 27, 44 -46) , thereby reducing the group III/IV afferent-dependent cardiovascular and ventilatory responses to exercise in animal models (14, 27, 35) .
Given the circumstantial evidence supporting the role of cardioacceleration in the onset of muscle hyperemia, the purpose of this investigation was to partially block the feedback from group III and IV afferent muscle fibers utilizing the opioid receptor agonist, fentanyl, and examine the impact this intervention has on limb movement-induced hyperemia. We hypothesized that, under conditions in which the feedback from the mechanoreceptors and metaboreceptors is partially blocked, the hyperemic response to passive movement will be both reduced and delayed, implicating HR as the initiating factor in the transient increase in LBF.
METHODS

Subjects
Eight recreationally active men volunteered to participate in this research study (age 27 Ϯ 4 yr, body mass 77 Ϯ 13 kg, stature 1.8 Ϯ 0.1 m). Written, informed consent was obtained from each participant, and all procedures were approved by the Institutional Review Board of both the University of Utah and the Veteran Affairs Medical Center of Salt Lake City, Utah.
Experimental Protocol
Before the experimental trials, all subjects reported to the laboratory for a familiarization trial. During this session, passive and active knee extension were performed, and Doppler ultrasound imaging of the femoral artery was performed to ensure that acceptable images could be obtained at rest and during exercise. Upon arrival at the laboratory, the right femoral artery and vein were catheterized (18-gauge central venous catheter, Arrow International, Reading, PA) using the Seldinger technique. Following a 30-min period of recovery, subjects moved to the knee-extensor ergometer and underwent a modified hypercapnic ventilatory response test (HCVR), and baseline hemodynamic measurements were made with the subject in the upright seated position, which was maintained throughout the experimental protocol. Single-leg passive exercise was achieved by moving the leg through the range of motion permitted by the knee-extensor ergometer (90 to 180°knee joint angles) at 1 Hz with the ergometer set at 15 W. Setting the workload at 15 W during passive movement allowed us to 1) directly compare the O 2 cost of passive and active exercise, and 2) maintain a smooth and constant cadence during passive exercise. Real-time feedback was provided to the researcher by a digital display of cadence. Before the start and throughout the protocol, subjects were encouraged to remain passive and resist the urge to assist with leg movement. To avoid the startle reflex and active resistance to the passive movement, subjects were made aware that passive movement would take place in ϳ1 min, but, to minimize the chance of an anticipatory response, they were not informed of exactly when this movement would initiate. Passive movement was performed for 2 min, followed by 3 min of active knee-extensor exercise at 15 W to determine the O 2 consumption (V O2; pulmonary and leg V O2) for this workload. Following a 2-h period of recovery, the intrathecal fentanyl injection was performed. The HCVR test and baseline hemodynamic measures followed by the passive movement protocol, as described, were then repeated. Therefore, control (CON) trials were always performed prior to the fentanyl blocking (BLK) trials.
Measurements HCVR test.
To assess the effect of intrathecal injection of fentanyl on cerebral opioid receptors, a modified HCVR test was performed, as a direct and unwanted effect of fentanyl on the cerebral opioid receptors would be evident by attenuated CO 2-dependent respiratory drive [i.e., CO2 sensitivity (23) ]. The HCVR test was performed using a steady-state, open-circuit technique (5) . In addition to eupneic air breathing (5 min), ventilatory responses to two different hyperoxichypercapnic gas mixtures (1: 70% O 2, 27% N2, 3% CO2, and 2: 70% O2, 24% N2, 6% CO2) were measured in each subject. The subjects breathed each gas for 4 min, and the tests were separated by at least 5 min of exposure to room-air to allow ventilatory variables to return to baseline levels. Arterial blood gases were collected during the final 30 s of each condition and analyzed for arterial partial pressure of CO 2. Breathing frequency (fR) and tidal volume (VT) were assessed and averaged over the final minute of each condition.
Femoral blood flow. Measurement of femoral arterial blood velocity and vessel diameter were performed in the passively moved leg distal to the inguinal ligament and proximal to the deep and superficial femoral bifurcation with a Logic 7 ultrasound system (General Electric Medical Systems, Milwaukee, WI). The ultrasound system was equipped with a linear transducer operating at an imaging frequency of 10 MHz. Vessel diameter was determined at a perpendicular angle along the central axis of the scanned area. Blood velocity was measured using the same transducer with a frequency of 5 MHz. All blood velocity measurements were obtained with the probe appropriately positioned to maintain an insonation angle of 60°or less. The sample volume was maximized according to vessel size and was centered within the vessel. Arterial diameter was measured, and mean velocity (V mean) (angle corrected, and intensity-weighted area under the curve) was automatically calculated (Logic 7). Using arterial diameter and V mean, blood flow in the femoral artery was calculated as blood flow ϭ V mean (vessel diameter/2) 2 ϫ 60, where blood flow is in milliliters per minute.
Central hemodynamic variables. HR, SV, and CO were determined with a finometer (Finapres Medical Systems, Amsterdam, the Netherlands). SV was calculated from beat-by-beat pressure waveforms assessed by photoplethysmography using the Modelflow method (Beatscope version 1.1; Finapres Medical Systems), which, in combination with HR, has been documented to accurately estimate CO during a variety of experimental protocols (4, 8, 9, 39, 42) . Intravascular systolic and diastolic arterial and mean venous pressures (MVP) were determined from in-line pressure transducers (Baxter, Deerfield, IL) placed at the level of the catheters. Mean arterial pressure (MAP) was calculated as diastolic ϩ 1/3(systolic Ϫ diastolic).
Leg and systemic O 2 transport and utilization. Throughout all studies, pulmonary V O2 and ventilation (V E) were measured using a metabolic cart (True One 2400, ParvoMedics, Salt Lake City, UT). Blood samples were obtained from femoral artery and vein catheters and measured using a combined blood-gas analyzer and co-oximeter (GEM 4000, Instrumentation Laboratories, Bedford, MA). To calculate leg V O2, femoral blood flow was multiplied by the difference between arterial and venous O2 content.
Intrathecal fentanyl injection. With subjects in an upright seated position with a slight flexion of the torso, the skin and subcutaneous tissue were anesthetized at the L3-L4 vertebral interspace using 2-4 ml of 1% (10 mg/ml) lidocaine. A 25-gauge, 9-cm Pecan needle was advanced to the subarachnoid space. Free-flowing cerebrospinal fluid (CSF) confirmed subarachnoid positioning of the needle tip. A small amount of CSF was aspirated, and 1 ml of fentanyl (0.05 mg/ml) injected to block feedback arising from group III and IV afferent skeletal muscle fibers. The needle was then removed, and the subjects remained in an upright seated position throughout the remainder of the study to minimize the potential risk of cephalad movement within the CSF. The efficacy and extent of the block was tested by neurological exam (cutaneous hypoaesthesia to pinprick and cold perception on the torso, upper and lower limbs) before limb movement.
Data acquisition. Throughout each protocol, HR, SV, CO, MAP, MVP, and ECG signals underwent analog-to-digital conversion and were simultaneously acquired (200 Hz) using a data acquisition system, (AcqKnowledge; Biopac Systems, Goleta, CA). In addition, this data acquisition system acquired the audio antegrade and retrograde signals (10,000 Hz) from the Doppler ultrasound system that served as a qualitative indicator of blood velocity changes facilitating the temporal processing of all variables.
Data and Statistical Analysis
The data acquisition software allowed second-by-second analyses of HR, SV, CO, MAP, and MVP. All analyses were performed using a 5-s moving average. The second-by-second antegrade and retrograde velocities were analyzed by the Doppler ultrasound system (GE Logic 7) for the first 60 s of movement, and 12 s averages were employed from 60 to 120 s of movement. With the use of the antegrade and retrograde velocities and femoral artery diameters, antegrade, retrograde, and total LBF were calculated. Pulmonary V O2, V E, and blood-gas variables were obtained during baseline and the final minute of passive movement. Two-way repeated-measures ANOVA were utilized to determine significant differences between CON and BLK conditions. When a significant main effect (interaction of treatment ϫ time) was observed, further analysis was performed to determine whether a significant change over time occurred within a treatment. When a significant change over time was observed within a treatment, the change from baseline to peak was determined. Significance was set at an ␣-level of 0.05, and data are presented as means Ϯ SE.
RESULTS
HCVR Test and Cutaneous Hypoaesthesia
The ventilatory responses to CO 2 at each of the three levels of inspired CO 2 (room air, 0.03, and 0.06) revealed that there were no differences between CON and BLK for f R , VT, and arterial partial pressure of CO 2 (data not reported). Neurological examination just before limb movement indicated cutaneous hypoaesthesia below T 6 in all subjects.
Central Responses to Passive Movement
The central responses to passive movement are presented in Fig. 1 and Table 1 . At baseline, HR was not different between conditions (CON 65 Ϯ 4 vs. BLK 62 Ϯ 5 beats/min, P ϭ 0.32). Passive movement resulted in a peak increase of 14 beats/min (21%) in HR above baseline during CON. In contrast, during BLK, HR varied nonmonotonically over time as a result of the passive movement. Fig. 1 . Central hemodynamic responses to passive limb movement. Values are means Ϯ SE for heart rate, stroke volume, cardiac output (CO), mean arterial pressure, and mean leg venous pressure. One minute of baseline data was collected before passive movement. The transition from baseline to passive movement occurred at time 0 on the x-axis. Note that the responses represented in this figure are an average response of all subjects; therefore, here the maximal peak values are underestimated. CON, control; BLK, fentanyl blocking; bpm, beats/min. SV was not significantly different between trials during baseline (CON 98 Ϯ 7 vs. BLK 84 Ϯ 7 ml/beat, P ϭ 0.07). Under CON conditions, SV increased by 17 ml/beat (18%); however, during BLK, SV did not increase significantly.
While neither HR nor SV exhibited significant changes during baseline or passive movement in the BLK condition, the product of these variables, the CO response, was altered by BLK. Specifically, BLK reduced baseline CO (CON 6.3 Ϯ 0.6 vs. BLK 5.1 Ϯ 0.4 l/min, P ϭ 0.01) and attenuated the increase in CO due to passive movement. CO increased by 2.1 Ϯ 0.4 l/min during CON (34 Ϯ 5%) and by 1.1 Ϯ 0.2 l/min during BLK (22 Ϯ 4%; P ϭ 0.02; see Fig. 3 ). CO returned toward baseline values at the end of the 2 min of passive movement, as CO was no longer greater than baseline in either CON (7.1 Ϯ 1.0 l/min, P ϭ 0.08) or BLK (5.5 Ϯ 0.5 l/min, P ϭ 0.10).
MAP was not altered by BLK during baseline (CON 122 Ϯ 3 vs. BLK 116 Ϯ 4 mmHg, P ϭ 0.09; Fig. 1 and Table 2 ). In CON, MAP exhibited a progressive reduction during the first 20 s of passive movement and reached a nadir of 110 Ϯ 3 mmHg (P Ͻ 0.01). In contrast, during BLK, MAP fluctuated inconsistently around the baseline value (P ϭ 0.89). MVP was not different between conditions at baseline (CON 20 Ϯ 1 vs. BLK 20 Ϯ 1 mmHg, P ϭ 0.25) and increased gradually during the first 35 s of passive movement and was then maintained at this elevated level (CON 22 Ϯ 2 and BLK 22 Ϯ 1 mmHg, both P Ͻ 0.05) throughout the remaining portion of the movement in both CON and BLK.
Pulmonary V O 2 and V E are presented in Table 2 . Passive limb movement resulted in a significant increase in V E during CON and, although not achieving statistical significance, tended to increase V E during BLK (P ϭ 0.06). Pulmonary V O 2 increased by 0.04 Ϯ 0.01 l/min during both CON and BLK (P Ͻ 0.03). Passive movement did not result in a change in f R or VT in either CON or BLK (Table 2) .
Peripheral Responses to Passive Movement
The peripheral responses to passive movement are presented in Fig. 2 and Table 1 . Retrograde LBF at baseline was reduced by BLK (CON 135 Ϯ 18 vs. BLK 97 Ϯ 16 ml/min, P ϭ 0.004). During CON, retrograde LBF fell below baseline values during the first 20 s of movement, increased from 20 to 40 s, and reached 260 Ϯ 6 ml/min at the end of passive movement (Fig. 2) . In contrast, during the BLK trial, retrograde LBF increased gradually over time and reached 199 Ϯ 35 ml/min at the end of passive knee extension. Despite these significantly different patterns of change in retrograde LBF, the overall impact of retrograde LBF to total LBF in the upright seated position was minimal, as the predominant contributor to LBF was an increase in antegrade LBF (Fig. 2) . LBF before passive movement was not different between conditions (CON 457 Ϯ 59 vs. BLK 446 Ϯ 44 ml/min, P ϭ 0.79). Under CON conditions, LBF increased to a peak of 1,299 Ϯ 616 ml/min (P Ͻ 0.01) above baseline values. Although the initial increase in LBF was transient, the clear peak in LBF was followed by a steady fall, yet remained elevated by 350 Ϯ 233 ml/min (P Ͻ 0.01) above baseline at the end of the 2 min of limb movement. During BLK, LBF increased to a peak of 919 Ϯ 407 ml/min (P Ͻ 0.01) above baseline and then decayed to a similar level as CON during the second minute of movement (302 Ϯ 221 ml/min above baseline, P Ͻ 0.01). The percent increase in peak LBF above baseline was reduced during BLK by ϳ30% (CON 295 Ϯ 109 vs. BLK 210 Ϯ 86%, P ϭ 0.05, Fig. 3 ).
Leg vascular conductance (LVC) was unaffected by BLK at baseline (CON 3.7 Ϯ 0.4 vs. BLK 4.0 Ϯ 0.7 ml·min Ϫ1 ·mmHg
Ϫ1
, P ϭ 0.68). During passive movement in CON, LVC increased by 322 Ϯ 40% above baseline and peaked at 15.4 Ϯ 2.0 ml·min Ϫ1 ·mmHg Ϫ1 (P Ͻ 0.01). LVC remained elevated above baseline at the end of the limb movement period. During passive movement in BLK, the increase in LVC was significant compared with baseline (12.8 Ϯ 1.7 ml·min Ϫ1 ·mmHg
, P Ͻ 0.01), yet less than the increase during CON (231 Ϯ 32%, P ϭ 0.04). Similar to CON, LVC during BLK remained elevated compared Values are means Ϯ SE. V E, ventilation; fR, breathing frequency; VT, tidal volume, V O2, O2 consumption; (a-v)Do2, arterial-to-venous O2 difference. It should be noted that these values were obtained during the final minute of the passive movement and do not correspond to the transient increases that occurred during the first minute of passive movement. *Significant difference from baseline, P Ͻ 0.05. Values are means Ϯ SE. CON, control; BLK, fentanyl blocking; HR, heart rate; SV, stroke volume; CO, cardiac output; MAP, mean arterial pressure; MVP, mean leg venous pressure; LBF, leg blood flow; LVC, leg vascular conductance. Note that these data represent peak values on an individual basis, and for this reason they do not match the average responses illustrated in Figs. 1 and 2. *Difference from baseline, †difference from CON: P Ͻ 0.05. As the main effect of time for HR, SV, and MAP were not significant in BLK, the significance of the change from baseline to maximum was not determined.
with baseline throughout the second minute of passive limb movement.
Leg V O 2 increased by 0.02 Ϯ 0.01 l/min in both CON and BLK (P Յ 0.03) ( Table 2) . Leg arterial-to-venous O 2 difference from baseline to movement did not change in either the CON or BLK conditions.
Timing of Central and Peripheral Responses
Of the variables measured, only CO, LBF, and LVC revealed significant changes in response to limb movement for both CON and BLK conditions, with the increases being attenuated during BLK (Fig. 3) . During passive movement, the time to peak CO between conditions was not different (CON 40 Ϯ 7 vs. BLK 37 Ϯ 6 s, P ϭ 0.73), while the time at which peak LBF (CON 14 Ϯ 9 vs. BLK 33 Ϯ 15 s, P Ͻ 0.01) and LVC (CON 14 Ϯ 2 vs. BLK 28 Ϯ 6 s, P Ͻ 0.04) occurred were delayed during BLK.
DISCUSSION
In the present study, we sought to remove the immediate increase in HR associated with the onset of passive limb movement to determine the role of cardioacceleration in the hyperemic response to exercise. To this end, an opioid receptor agonist (fentanyl) was used to block the cortical projection of opioid-mediated muscle afferents from the lower limb. The first major finding of this study was that partially blocking the afferent feedback significantly altered both the central and peripheral responses to passive limb movement, as evidenced by the blunted changes in HR, SV, CO, MAP, LBF, and LVC. This approach revealed that 1) intact, afferent feedback from skeletal muscle is obligatory for the normal hyperemic response to limb movement; and 2) cardioacceleration is a primary contributor to this hyperemic response and sets in motion a cascade of peripheral hemodynamic events, which are attenuated in the BLK state. Specifically, the attenuation of the HR and SV response not only decreased both peak LBF and LVC, but these responses occurred later during passive limb movement. These findings provide evidence that limb movement-induced hyperemia has a significant component that originates with the activation of afferent fibers and possesses a central hemodynamic component.
Contribution of CO and Analytic Approach to the Hyperemic Response
Passive exercise serves as an experimental model for studying the mechanisms governing exercise hyperemia in the absence of elevated skeletal muscle metabolism associated with voluntary exercise. Using this experimental approach, previous investigations have implicated cardioacceleration (30, 31) and CO in the hyperemic response to passive limb movement (26, 30, 31, 33, 43) . By pharmacologically altering the HR response to passive movement, the present study supports these previous findings and provides further evidence that the immediate increase in HR is obligatory for the initial magnitude and timing of the hyperemic response to limb movement. While feedback from mechanoreceptors has been documented to result in cardioacceleration, it is important not to overlook the role of SV on the central hemodynamic response, which likely contributes to the CO and hyperemic response. During CON, the increase in LBF was greater, despite the same movement being performed between the CON and BLK conditions. Given this increase in LBF, it is reasonable to assume that venous return to the heart was increased, leading to the elevated SV. Likewise, during CON, the transient decline in MAP likely reduced ventricular afterload, concomitantly contributing to the increase in SV.
Similar to previous work from our group (26), high temporal resolution of the central and peripheral hemodynamic responses was achieved by acquiring second-by-second data during the first 60 s of passive movement. A different outcome would have been observed, if the first minute of data had not been collected, or if only steady-state values were reported (31), as many of the variables (HR, CO, SV, and MAP) returned toward baseline during the 2 min of passive movement. Other variables, such as LBF and LVC, although slightly elevated above baseline, were not different between the two conditions during the second minute of movement. It is our contention that studies that failed to document a significant increase in LBF or contribution of CO to the hyperemic response likely did not have adequate time resolution for the measurements of LBF and CO, as the first measurements were made several minutes after the onset of passive movement (12, 31, 40) .
O 2 Transport and Utilization During Passive Movement
During passive movement, pulmonary and leg V O 2 increased. However, the documented "work" performed by the subject was small. During the passive movement protocol, the work rate on the ergometer was set at 15 W, meaning that the researcher responsible for moving the leg was working at this work rate.
Following the passive movement protocol, the subject transitioned to a 3-min period of knee-extensor exercise at this 15-W work rate. This allowed us to directly determine the V O 2 (both pulmonary and leg) required to perform the knee-extensor exercise at 15 W and compare this to the small increase in pulmonary and leg V O 2 recorded during the passive movement. Under both CON and BLK conditions, the increase in pulmonary V O 2 due to passive movement was only 0.04 l/min compared with 0.49 l/min when knee extension was actively performed at 15 W. Similarly, leg V O 2 increased by only 0.02 l/min during passive limb movement compared with 0.32 l/min from baseline to active exercise at 15 W. Therefore, the increases in pulmonary V O 2 and leg V O 2 were only 8 and 6%, respectively, of the total increase compared with active exercise. Previous work using a similar passive exercise protocol reported nearly identical and apparently unavoidable increases in both pulmonary and leg V O 2 (12, 13) . Thus, while passive movement appears to result in a minor increase in metabolism, the contribution of work performed by the subject was Ͻ6% of the actual V O 2 required to perform active knee extension at 15 W. The increase in pulmonary and leg V O 2 may be due to joint and limb stabilization during passive movement.
Partitioning the Central and Peripheral Hemodynamic Contributors to Hyperemia
During CON conditions, group III/IV muscle mechanoreceptors and metaboreceptors were intact and able to feedback to the cardiovascular control center to increase HR and CO, which then contributed to the increase in LBF. Alternatively, the immediate drop in MAP may have stimulated the baroreceptor reflex to increase HR, which would then result in the central hemodynamic and hyperemic response. Indeed, direct stimulation of group III mechanoreceptors has been demonstrated to induce a depressor response (7) . Concomitant with the initial increase in HR, limb movement resulted in vessel deformation, possibly leading to increased LBF flow via mechanically induced vasodilation (6, 19) , likely indicative of a peripherally derived mechanism for the increase in LBF. Further vasodilation, evidenced by the initial reduction in retrograde LBF and increases in LVC, may have occurred as a result of flow-mediated dilation within the passively moved limb, which then resulted in a transient reduction in MAP. As the passive movement continued, MAP returned toward baseline values, as did HR and CO. Coinciding with the return of MAP, HR, and CO to baseline, input from the afferent fibers likely accommodated to the limb movement, thereby relaying less sensory information to the cardiovascular control center. An inability of mechanoreceptor feedback to sustain the central hemodynamic response to passive exercise has been reported (30, 31) .
In contrast, under BLK conditions, limb movement again resulted in vessel deformation and a subsequent increase in LBF; however, feedback from the group III and IV afferents was partially blocked, and the ability of the mechanoreceptors (primarily group III fibers) to increase HR was blunted. Additionally the potential role of the baroreceptor reflex in the BLK condition was diminished as the reduction in MAP was no longer significant. The effectiveness of the BLK to alter the HR response to passive movement was apparent as the transient increase in HR under CON conditions was absent in the BLK state (Fig. 1) . As the afferent block was only partial (i.e., not all feedback from group III and IV fibers was blocked), minor and nonsignificant fluctuations in HR and SV resulted in a significant, yet attenuated, increase in CO. As a consequence of these differences from the CON condition, the increase in LBF during BLK was attenuated, occurring without a concomitant reduction in MAP and coupled with an attenuated increase in LVC compared with CON. Furthermore, the times at which peak LBF and LVC occurred were delayed during BLK, indicating that the time course of peripheral responses to passive limb movement was also affected by diminished feedback from the moving limb. After the first minute of passive limb movement, the peripheral hyperemic response was similar between conditions, likely due to accommodation of afferent fibers during the CON condition.
During the transient period of elevated femoral blood flow in the CON condition, there was a substantial 11-mmHg decrease in MAP (Fig. 1) , which may be attributable to acute vasodilation in the passively moved leg, which outstrips the drive to raise pressure by increasing CO. With all other variables held constant, a decrease in pressure should act to reduce blood flow, but the concomitant influence of an increase in CO and the local increase in LVC as a consequence of mechanically induced vessel dilation (6, 19) , and/or flow-mediated dilation resulting from increased shear stress (20 -22, 34) , more than offset the decreased MAP, resulting in elevated LBF and LVC in the passively moved leg. Under BLK conditions, the increase in CO and concomitant increase in LBF was reduced compared with CON, and the hyperemic response occurred without a significant reduction in MAP and an attenuated increase in LVC.
Afferent Skeletal Muscle Feedback and the Hemodynamic Responses
To our knowledge, this is the only study to block afferent feedback during passive movement in humans and subsequently observe a significant alteration in both the central and peripheral hemodynamics. Previous studies have demonstrated that group III afferent fibers respond to tendon stretch (11, 17, 18) , whereas group IV fibers are primarily thought to be nociceptors and metaboreceptors (1, 28) . Previous work blocking (25) or stimulating (36) the group III and IV fibers in cats revealed a crucial role of these fibers in regards to the cardiovascular and/or respiratory response to exercise. Work in humans during passive cycling has determined that peripheral afferent reflexes from exercising muscles are likely involved in cardioacceleration at the onset of passive movement (30, 31, 33) ; however, these studies did not pharmacologically inhibit the afferent fibers.
Given that opioid receptors are present in the cardiovascular control center in the brain stem, direct activation of these receptors may result in modified cardiovascular control, independent of the reflex originating in the skeletal muscle afferents during passive movement. Localization of the opioid receptor block to muscle afferent fibers in the present study was confirmed via CO 2 sensitivity testing (modified HCVR test) (3), which was not altered by fentanyl. Furthermore, neurological examination indicated cutaneous hypoaesthesia below T 6 in all subjects, indicating that the fentanyl did not migrate cephalad from the injection site. Recently, Amann et al. (2) used the same fentanyl approach to partially block group III/IV afferent nerve fibers from the lower limbs and reported an attenuation in the ventilatory, HR, and pressor responses during leg cycling exercise. These findings indicated that the block was effective at the expected location (i.e., lower limbs) and that group III/IV muscle afferents are required for the normal exercise response. No change in the cardioventilatory response was observed during arm cycling exercise, confirming that the blockade was effective and specific to the lower limbs. Based on these recent findings and the present results, we are confident that the fentanyl administered in this study remained low in the spinal cord and acted by partially blocking group III and IV skeletal muscle afferent fibers and not via opioid receptors in the cardiovascular control center in the brain stem.
In the present study, baseline CO was slightly reduced following fentanyl injection. The cause of this reduction in baseline CO is not known; however, as described, it is unlikely that fentanyl acted on the opioid receptors in the brain stem, as the CO 2 sensitivity and aesthesia sensory tests ruled out this possibility. This baseline offset in CO is not likely to be the driving factor for the attenuated central and peripheral hemodynamic responses to passive movement in the BLK condition, as no other variables were altered at baseline. Furthermore, the magnitude of change in HR, SV, LBF, MAP, and LVC due to passive movement was greater in CON than BLK, supportive of the benign baseline reduction in CO.
Conclusion
In summary, this study has identified a critical role for skeletal muscle afferent feedback in the central and peripheral hemodynamic responses to passive limb movement. Under CON conditions, when afferent feedback was intact, passive movement resulted in cardioacceleration, characterized by a significant transient increase in HR. In addition to the initial rise in HR, SV, CO, and LVC were all increased in response to passive limb movement. Partially blocking limb afferent feedback via an opioid receptor agonist attenuated the central hemodynamic contribution to limb movement by blunting the initial HR response. While CO, LBF, and LVC increased during limb movement in the BLK state, the magnitude of increase of each of these variables was reduced compared with CON. It is concluded that skeletal muscle afferent fiber activation leading to cardioacceleration is a key factor that sets in motion a series of central hemodynamic and peripheral responses ultimately contributing to the limb hyperemia.
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